Heavy holes confined in quantum dots are predicted to be promising candidates for the realization of spin qubits with long coherence times. Here we focus on such heavyhole states confined in Germanium hut wires. By tuning the growth density of the latter we can realize a T-like structure between two neighboring wires. Such a structure allows the realization of a charge sensor, which is electrostatically and tunnel coupled to a quantum dot, with charge-transfer signals as high as 0.3 e. By integrating the T-like structure into a radio-frequency reflectometry setup, single-shot measurements allowing the extraction of hole tunneling times are performed. The extracted tunneling times of less than 10 µs are attributed to the small effective mass of Ge heavy-hole states and pave the way towards projective spin readout measurements.
a short dip in buffered hydrofluoric acid is performed in order to remove the native oxide.
6-8 nm of hafnium oxide deposited by atomic layer deposition act as an insulator between the HWs with source and drain electrodes and the Ti/Pd (5/20 nm) side gate electrodes, defined in the last step of fabrication. A scanning electron micrograph of a typical device is shown in Figure 1 (c). For two coupled QDs, the electrochemical potential of one QD depends on the charge state of the other. 29 This can be seen in Figure 1 (d) , where the ladder of electrochemical potentials of the sensor is illustrated for two different QD charge configurations, M and M+1. 14 Every time the condition for hole tunneling from the QD to the SHT is satisfied, this tunneling event will leave the dot with less holes, which will thus shift the electrochemical potentials of the SHT causing a break in the SHT Coulomb peak.
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In order to reach again the same SHT Coulomb peak the gate voltage of the sensor needs to be adapted. A stability diagram with characteristic breaks is shown in Figure 1 (e). The charge-transfer signal, ∆q/e, where 1 e is equivalent to the distance between two adjacent sensor Coulomb peaks, is very pronounced and equal to 30% (see Figure 1 (f)) and observable thus even at a temperature of 1.5 K. We have measured charge sensing in four different T-like devices.
In order to investigate whether the realized charge sensor is suitable for spin readout experiments, it was integrated into a resonant RF circuit and a reflectometry readout was performed. Additionally, the gates of the devices were connected to an arbitrary waveform generator (AWG), allowing fast gating. The resonant RF circuit consisted of a 2200 nH inductor and the parasitic capacitance to the ground. From the measured resonant frequency of 114.5 MHz a parasitic capacitance of ≈0.9 pF could be extracted. The higher measurement bandwidth due to the diminished 1/f noise and the sensitivity to both capacitive and resistive changes of the device are the main advantages of using this type of readout technique. The scheme for the RF reflectometry and fast gating setup is shown in Figure 2 shows a zoom-in into a stability diagram of a second device similar to that shown in Figure   1 (e). In contrast to Figure 1 (e), here the measured quantity is the amplitude of the reflected RF signal, integrated over approximately 10 ms and the measurement was performed in a dilution refrigerator at a base temperature of about 30 mK.
For real time detection of tunneling events between the QD and the sensor fast pulsing was used; a three-part voltage pulse was applied to the gates of the device. The pulse was applied along the upper part of the break in the Coulomb peak of the SHT shown in Figure   2 (b) (black solid line). This diagonal pulsing is achieved by applying the pulse both to the dot and to the sensor gate simultaneously, but with a different sign and with a different amplitude. Each part of the pulse lasted for 500 µs. With the first part of the pulse a hole is loaded into the dot (left part in Figure 3 (c)); the reflection amplitude shows a minimum value when the hole is loaded into the QD and a maximum value when it is localized in the SHT. In between those two parts of pulses an additional one is applied aiming to align the electrochemical potentials of the QD and the SHT (middle part in Figure 3 (a) ). The voltage amplitude of this middle part of the pulse was varied in each of the 100 pulses which were applied. The schematic of the applied pulse is shown in Figure 3 (b) and the reflected signal from the sensor in Figure 3 (c). When the electrochemical potentials between the QD and the SHT are aligned, continuous exchange of holes between the QD and the sensor can take place. This can be indeed observed in in Si, we expect shorter tunneling times than those reported for electrons (from 100 µs to 10 ms range).
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As already indicated above, due to the limited setup bandwidth, the extraction of the hole tunneling times cannot be achieved from an experiment similar to that described in Figure 3 .
In order to circumvent the problem of the slow rise time an experiment was devised in which the information of a tunneling event was encoded in a signal of a much longer duration than the rise time (see the Supporting Information). A three-part voltage pulse was now applied along the lower part of the break in the Coulomb peak in Figure 2 In conclusion, we have demonstrated charge sensing in Ge HWs based on a capacitive and tunnel coupling mechanism between a QD, to act as a host for a qubit, and an SHT.
Successful implementation of RF reflectometry measurements enabled the detection of singlehole tunneling events. The observed large charge transfer signals and the extracted hole tunneling times of a few µs pave the way towards projective spin readout measurements.
While our experiment is a first step towards a spin-to-charge conversion setup it is clear that in order to realize scalable architectures, growth on pre-patterned substrates will be needed.
Such growth has been intensively investigated 34, 35 in the past and successfully demonstrated for dome islands. 36, 37 Once the positioning of hut wires will be well controlled the realization of more complex devices, allowing thus the coupling of multiple qubits, will become possible. and (e)-(f) Histograms of the delay times for loading and unloading the dot for 30 kHz and 100 kHz, respectively. From the exponential fit (solid black line) the tunneling times were extracted. The counts at the beginning of the histograms are attributed to the Gaussian noise distribution.
